Electrical measurements are becoming a common method to assess the transport properties of concrete. For a saturated homogenous system, the surface resistance and the uniaxial resistance measurements provide equivalent measures of resistivity once geometry is appropriately taken into account. However, cementitious systems are not always homogenous. This article compares bulk and surface resistance measurements in cementitious materials intentionally composed of layered materials (i.e., layers with different resistivities). For this study, layered systems were composed of paste and mortar layers, representing the heterogeneity that can exist in the surface layers of field applications as a result of differences in moisture content, segregation, ionic ingress, carbonation, finishing operations, or ionic leaching. The objective of this article is to illustrate that these electrical measures can differ in layered systems (with sharp layer boundaries) and to demonstrate the impact of the surface layer properties on the estimation for the underlying material properties, for both cylindrical and prismatic specimens. Accounting for the effects of a surface layer requires a separate correction in addition to the overall specimen geometry corrections.
INtroDUCtIoN
Electrical properties of concrete have been investigated for nearly a century (Shimizu, 1928) , and the measurements have been used in a number of practical applications: to detect setting time (Calleja, 1952; Li, Xiao, & Wei, 2007; Sant, Rajabipour, Fishman, Lura, & Weiss, 2006; Shimizu, 1928) , to locate and quantify damage in concrete elements (Niemuth, 2004; Pour-Ghaz, 2012) , to characterize the moisture content and degree of saturation (Rajabipour, Weiss, Shane, Mason, & Shah, 2005; Schiessel et al., 2000; Weis, Snyder, Bullard, & Bentz, 2012) , and to characterize the transport of ionic species (Archie, 1942; Berke & Hicks, 1992; Christensen et al., 1994; Garboczi, 1990; Nokken & Hooton, 2006; Snyder, 2001; Spragg, 2013) . However, it is the potential benefits associated with measuring and quantifying the transport properties that has led to the widespread recent interest and the implementation of standardized rapid electrical measurements (AASHTO TP95-11, 2011; Castro, Spragg, Kompare, & Weiss, 2010; FM 5-578, 2004; Rupnow & Icenogle, 2011) .
Although the majority of the electrical properties measured on concrete have been performed using the 6h rapid chloride penetration test (RCPT; ASTM C1202), interest in shortening the duration of the test resulted in the development of ASTM C1760. In addition, other methods have been developed to measure surface resistivity or the uniaxial resistivity of a sample using more rapid procedures (AASHTO TP95-11, 2011; McCarter, Starrs, Kandasami, Jones, & Chrisp, 2009; Newlands, Jones, Kandasami, & Harrison, 2008; Spragg, Castro, Nantung, Paredes, & Weiss, 2012) . Each new testing method contributes an element of complexity to calculating and interpreting the sample resistivity.
Every electrical resistivity ( r) measurement is composed of a resistance (R) and a geometry correction factor (k) that converts the resistance to a resistivity:
The value of k, with units of (length), depends upon the size and geometry of the specimen and the location of the electrodes. Resistivity is an intrinsic material property that is independent of geometry. Therefore, different sample and electrode geometries for the same concrete material may give different resistances but will yield the same resistivity through Equation (1).
There are three common measurement electrode geometries that have been used to perform electrical tests on cementitious cylinders: (1) surface resistance, (2) uniaxial resistance, and (3) embedded sensors. The first of these is based on the Wenner fourelectrode test method (Wenner, 1916) that has been modified for use with concrete (Kessler, Powers, & Paredes, 2005; Millard, 1991; Presuel-Moreno, Liu, & Paredes, 2009 ). The Wenner geometry is shown in Figure 1 (a) and consists of four equally spaced electrodes placed longitudinally against the side of a cylinder. It is an adaptation of the original Wenner test because it requires additional corrections to account for the effects of a finite-sized specimen. For this geometry, the resistivity can be calculated using Equation (1), where k can be estimated from an empirical equation (Spragg et al., 2013b) that is based on values established from finite element calculations performed by Morris, Moreno, and Sagues (1996) . This equation, shown in Figure 1 (a), has two parts, the numerator that originates from the theory of an infinite half-space (Wenner, 1916) and the denominator that represents the effects of the constricted flow of current within a finite cylinder (Morris et al., 1996) .
The second of these cylindrical geometries is the uniaxial measurement arrangement, shown in Figure 1 (b) . For this geometry, electrodes are circular metal disks covering each end of the cylinder. For this simplified geometry, the resistivity can be computed from Equation (1), where k is the ratio of the crosssectional area (A) to the length of the specimen (L).
The third of these cylindrical geometries is the embedded electrode geometry. Although almost any electrode configuration will work, this work uses longitudinal threaded rods that are embedded in the fresh material and remain embedded so that measurements can be taken while the specimen is hardening. A schematic of this setup is given in Figure 1 (c) (see also Castro et al., 2010) , and it typically consists of two parallel metal rods that run longitudinally through the cylinder. Other types of these sensor configurations have been discussed elsewhere (Castro et al., 2010; Rajabipour & Weiss, 2008; Weiss, Shane, Mieses, Mason, & Shah, 1999a) , and each geometry factor is different and needs to be determined experimentally or numerically. The geometry factor can be determined experimentally using a solution having a known resistivity or using a companion specimen whose geometry factor is known . For the configuration shown in Figure 1 (c), the geometry correction factor was determined experimentally to be 0.2000 ± 0.0047 m; the uncertainty is the standard deviation from three replicates. By comparison, the result from a finite element calculation was (k = 0.201 m). The details of the geometry are shown in Figure 1 (c) and discussed elsewhere (Spragg et al., 2013b) .
Previous work has shown agreement among resistivity measurements made using these different test geometries, assuming that certain conditions are met (Spragg et al., 2013b) . The primary assumption is material homogeneity, such as aggregates being smaller than the probe spacing (Morris et al., 1996) , uniform ionic concentration (Spragg et al., 2013b) , and uniform saturation levels (Rajabipour et al., 2005) .
However, the assumption of material homogeneity can be violated in samples as they undergo chemical and physical changes due to interactions with their 
conditioning environments. Examples of this can include carbonation and alkali leaching (Ramlochan, Thomas, & Hooton, 2004; Spragg, 2013) and wet/dry cycling (Andrade, Bolzoni, & Fullea, 2011; Rajabipour & Weiss, 2008; Schiessel et al., 2000; Spragg et al., 2013b; Weiss, 1999) . These interactions can create situations in which a layer develops at the surface that has electrical properties that differ from the interior material.
One example of the layering occurs during the drying of the material, resulting in a nonuniform moisture front near the surface (McCarter, Forde, & Whittington, 1981; Rajabipour & Weiss, 2008; Weiss et al., 1999a) . The moisture content can significantly influence the resistivity of a concrete Weiss et al., 1999b , Weiss, Snyder, Bullard, & Bentz, 2012 . Therefore, drying can lead to the development of a sample having layers of different electrical properties, specifically a more resistive outer shell surrounding a less resistive inner core.
Other layered systems could occur, even when the intent is to obtain a homogenous sample, such as when samples that are cured underwater. Studies have shown that this curing methodology can often be ineffective, especially in the case of high performance concretes, as the pore system can become disconnected and water is able to only penetrate a shallow distance from the surface (Bentz & Snyder, 1999; Weiss et al., 1999a Weiss et al., , 2012 . This can create the opposite of the drying effect described above, where there is a less resistive outer shell surrounding a more resistive inner core. Additionally, recent work has suggested that the volume of storage solution surrounding a test specimen during curing/aging can influence resistivity results, which is likely a result of alkali leaching from the specimen into the storage solution (Spragg et al., 2013b) .
To quantify the effect of heterogeneity, one must establish the intent of the measurement. The measured resistance will need to be adjusted to ascertain the properties of the component of a concrete that are most important. For a reinforced element, when the outermost layer is very thin, the underlying material represents the principal defense to ingress, and corrections are needed to nullify the surface effect and to characterize the properties of the underlying material. In other cases, the surface properties may be critical to the performance of a concrete, and corrections are needed to nullify the effects of the deeper material and to characterize the properties of the surface layer. Therefore, to suitably account for the layering, one must establish whether the intent is to estimate the surface layer properties or the underlying bulk properties, or both.
This study compares surface and uniaxial resistivity measurements on layered systems to quantify the additional corrections that would be required to accurately assess the resistivity of the individual layers.
When the dimensions and properties of the surface layer are unknown, these additional corrections provide an estimate for the magnitude of the uncertainty that could arise when the layering effect is ignored.
LAyErED SyStEMS

Uniaxial tests: series and parallel models
As described, situations can develop in which systems can develop layers of differing electrical properties. Simple parallel and series resistor models are used to characterize the electrical properties, with the values of the resistors determined from the volume fraction of each phase and the resistivity of that phase. This approach has been implemented previously for conductivity, which is the inverse of resistivity .
When the layers are parallel to the current flow, the overall resistance of the composite, R c , can be approximated by the parallel resistor summation equation using each of the contributing resistors, R i :
For the uniaxial case, the resistivity of each component, r i , is the resistance times the area, A i , divided by the length, L i , of each component:
In this parallel configuration, the length of each phase is equal to the total length, that is, L i = L, and normalizing by the total area yields a representation for the composite resistivity, r c , as a function of the area fraction, A i , of each phase:
For layers occurring in series, the composite resistance, R c , is the sum of each component resistor, R i .
The same simplification procedure can be carried out as for the parallel case, but this time, the area of each phase is the same as the total area, that is, A = A i , and L i is the length fraction of each phase:
Schematics of two-phase systems are presented in 
Surface tests: layered models
Surface resistivity tests conducted on concrete materials are often conducted in the Wenner arrangement, which uses equal probe tip spacings. This methodology, initially developed for use in soil surveys, often encountered soil strata with different resistivities (Mooney, Orellana, Pickett, & Tornheim, 1966) .
More recent applications to concrete have also been evaluated through the use of finite element simulations (Liu, 2008; Millard & Gowers, 1992; Presuel-Moreno et al., 2009; Rajabipour et al., 2005) . The main goal of these studies has been to understand the influence of chloride ion ingress on measured apparent resistivity. These chlorides will typically create an outer layer of lower resistivity due to the increase in conductive species (Millard & Gowers, 1992) . The objectives of these studies were to determine the resistivity of the underlying material using surface tests.
Multiphysics calculation
For the surface resistance and embedded rods geometries, the geometry correction factor k was calculated using a commercial multiphysics simulation computer program. The specimen geometry was represented exactly. The surface resistivity electrodes were 5 mm in diameter, and the threaded rods were approximated by smooth cylinders.
The resistance of the surface configuration was calculated from the ratio of the voltage between the center electrodes and the current flowing through the outer electrodes. The boundary condition was a fixed voltage across the outer electrodes, and the inner electrodes were configured to have a conductivity that was 100 times greater than the concrete sample. When the program had calculated the voltages everywhere, the current density was integrated across the outer electrodes, and the voltage at each inner electrode was the average voltage in the electrode. Although the voltages and currents would change (a few percent) with changing mesh size, the ratio of the voltage to the current did not change with mesh size.
For the embedded electrode configuration, the surface of the embedded rods was held at a constant voltage. The current between the rods was determined by integrating the current flux over the surface of each rod.
MAtErIALS AND MEthoDS
Materials
A series of samples were made using cement paste and mortar. The cement paste was prepared with a white ASTM C150 Type I ordinary Portland cement (OPC) and the mortar was made using a gray Type I OPC. The cements had an equivalent alkali (expressed as Na 2 O equivalent) content of 0.21 and 0.86%, respectively. They were selected to provide a distinct visual contrast between layers, facilitating thickness measurements. The cement paste mixtures were designed using a water-cement ratio (w/c) of 0.42 by mass. The mortar mixtures also used a w/c of 0.42 and contained 55% aggregate volume of natural river sand. Although the cylinder and prism specimens were made with the same mixture proportions, they were tested at different ages, resulting in different electrical properties.
Sample geometries
A series of three layered specimens were prepared, examples of which are shown in Figure 3 . The first was a concentric cylinder, the second a layered prism in the transverse direction, and the third a stacked prism in the longitudinal direction. The less resistive layer was made with white-cement paste, while the more resistive layer was made with gray mortar.
For the concentric geometry, a cylinder was prepared with a 10 mm thick ring of cement paste cast around a mortar core, as depicted in Figure 3 (a). The specimen geometry had a diameter of 102 mm and a length of 178 mm. The resistivity of the mortar phase was determined using a specimen of 102 mm diameter and length of 178 mm. The resistivity of the paste phase was determined using a specimen of 76 mm diameter and 127 mm length. The probe spacing in the cylindrical specimens was 30 mm.
The second test consisted of a series of prismatic specimens with a length of 406 mm, a width of 76 mm, and a total depth (D) of 102 mm. Different depths (d) of 25, 51, and 64 mm of white-cement paste were cast, with the remainder of the specimen depth filled with a gray mortar layer. This geometry is depicted in Figure 3(b) . The longitudinal layered prisms were made from a series of prismatic specimens with a total length of 406 mm and a cross-section of 76 mm by 102 mm. Lengths of white-cement paste of 41, 102, 203, 305, and 406 mm were cast at one end, with the remainder of the specimen prepared using the more resistive mortar. This geometry is depicted in Figure 3 (c). Additionally, a series of companion cylinders were cast entirely of paste or mortar to determine the resistivity of each of these phases separately. All layered samples were cast with a w/c of 0.42 for both paste and mortar, to reduce effects due to drastically different moisture contents. However, it should be noted that although the boundary appears sharp, movement of ionic species from the different cements will occur, which might create a transition region at the layer boundary. All specimens were cast, and at an age of 24 h demolded, and double-bag heat-sealed, and stored at 23 ± 1°C for a period of 7 days. At that time, samples were debagged and tested for resistivity. This was done to ensure a more uniform moisture distribution within each specimen.
testing methodologies
The uniaxial resistance was measured using a commercial concrete resistivity meter shown in Figure 4 , using a procedure described previously . The measurements used an alternating square wave with a fixed 40 Hz frequency, and the coefficient of variation for replicate measurements is approximately 4% . The surface resistivity geometry was also tested for these specimens. Two devices were used. The first set of measurements was performed with a device that used a sinusoidal wave at an A/C frequency of 13 Hz and a probe tip spacing of 30 mm. The second set of experiments was measured using an A/C resistivity meter that operates at a variable current up to 200 µA and a frequency (square wave) of 40 Hz. The probe tips have a fixed spacing of 38 mm. A summary of the experimental geometries is presented in Table 1 , and the coefficient of variation for both surface resistivity devices is approximately 4.3% (Parades et al., 2012) . 
ExPErIMENtAL rESULtS
Geometry factors
Multiphysics simulations were conducted using each of the specimen geometries and probe spacings utilized in this study. The simulations were initially run with a homogenous, that is, nonlayered, system. For the homogenous case, the ratio between the resistance measured in the Wenner configuration and the known resistivity of the material will be the geometry correction factor.
The geometry factors are presented in Table 2 . These factors consist of two components. The first is the factor 2p a, where a is the spacing of the probe tips. This factor was first presented by Wenner and is based on the assumption of an infinite depth of material (Wenner, 1916) .
The denominator of the geometry factor accounts for the finite size and shape of the test specimen. This component of the geometry correction factor was first discussed by Morris et al. (1996) for cylindrical geometries and is consistent with observations from a round robin study . 
homogenous systems
Quantifying the effect of the material heterogeneity requires the knowledge of the resistivity of each phase. Uniaxial testing was conducted on homogenous specimens made from the same material used to make the layered composites. These results are presented in Table 3 . The ratio of the mortar to the paste resistivities is used in the multiphysics calculations of the heterogeneity factor discussed later. For the cylinder, the ratio of the mortar resistivity to the paste resistivity was1.5, and the corresponding ratio for the prisms was 1.8.
heterogeneous systems
The surface and uniaxial resistivity tests were performed on the concentric cylindrical specimen, depicted in Figure 3(a) . The outer layer consisted of a 10-mm thick paste layer. The experimental and model values are presented in Table 4 . Model values for the uniaxial configuration were developed using Equation (2c), and multiphysics simulations for the surface test.
The surface and uniaxial resistivity was performed on the parallel prismatic specimens, presented in Table 4 . Model values for the uniaxial configuration were developed using Equation (2c).
The uniaxial resistivity tests were measured on the series prismatic specimens, presented in Table 4 . Model values for the uniaxial configuration were developed using Equation (3b).
For the uniaxial measurements, there was general agreement between the measured composite resistivity values and the predictions from Equations (2) and (3). This agreement required the prior knowledge of the volume fractions of each material and the resistivity of each phase. Given this success, the impact of a more resistive outer phase can be investigated through the use of this equation.
The impact on heterogeneity on surface measurements can be challenging. One of the reasons is the influence of specimen size, which should be accounted for in the use of the geometry correction factor k. Even with the geometry correction, the layered structure will influence the flow of electricity through the specimen. For this reason, a heterogeneity factor, G, is used to quantify these effects and correctly determine the resistivity of the phase of interest, r, accounting for any heterogeneous condition. The heterogeneity factor G can be introduced in the manner presented in Equation (4), where R is the measured resistance in a heterogeneous case, and R • k is can be thought of as the composite resistivity, r c :
The heterogeneity factor G will change depending on which material is considered the phase of interest. In this study, mortar was chosen as the phase of interest. In general, G will depend on factors such as whether the phase of interest is on the bottom or the top (outside or inside), the relative proportions (depth) of each phase, and the relative resistivity of the two phases. For this study, the prism mortar phase was 1.8 times greater than the prism paste phase, and the cylinder mortar phase was 1.5 times greater than the cylinder paste phase (Table 3 ). Figure 5 is a plot of G as a function of the mortar phase volume fraction for the prism specimens. Data are divided into two groups, based on the surface material, either paste or mortar. G approaches 1.0 for homogenous systems composed entirely of mortar and approaches the ratio of paste resistivity to mortar resistivity at low volume fractions. For this study, that value is 0.55.
The presence of material heterogeneity can often be difficult to detect. This study had the benefit of an artificially created layered structure in which the volume fractions and the resistivity of each phase were known. This type of well-defined layering often does not occur in practice. One method of determining the presence of a heterogeneity problem is by conducting both uniaxial and surface resistance measurements on the same specimen, and correcting these measurements using their respective geometry factors, that is, R · k. Recall that the geometry factor only accounts for the finite size and shape of a specimen. If the specimen is homogenous, one would expect that the surface and uniaxial test methods would result in equal estimates for the resistivity. Figure 6 is a plot of surface resistivity versus uniaxial resistivity of the layered prism specimens. The homogenous samples are shown with blue diamonds, and lie on the unity line. When there exists a material heterogeneity, the measurements do not lie on the unity line. Furthermore, the fact the measurements are above or below the unity line will give insight into the layered structure. For measurements above the unity line, the surface resistivity was tested on a higher resistivity top surface. If the measurements fall below the unity line, the surface measurements were conducted on a lower resistivity top surface.
It should be noted that this approach is not the same as correcting with the heterogeneity factor G to determine the resistivity of the mortar phase, but it can be used as a tool to investigate the presence of a layered, heterogeneous effect in a material (Spragg, 2013) . 
CoNCLUSIoNS
The electrical response of layered cementitious composites was measured using uniaxial and surface resistance measurements. While the deliberately layered systems used in this study may not be common in practice, they illustrate the types of layered electrical properties that can occur due to moisture gradients, chemical changes, and ionic gradients. This article highlighted two types of resistivity measurements, surface and uniaxial, and how layered systems can be described in the uniaxial case using a series of equations that describe the volume of each phase and the components of each phase and for the surface tests using finite element simulations.
For homogenous specimens, the appropriate correction factor can be determined from experimental measurements or from multiphysics simulations. However, when the system is heterogeneous, data analysis presents additional challenges. This article developed an approach that separated the corrections for homogenous geometry (k), from corrections for heterogeneity (G ).
It was shown that G was unique depending on the material of interest; in the case of this study the more resistive phase was chosen, and the value of G approached 1.0 for the homogenous case, and the ratio of mortar resistivity to paste resistivity for the homogenous case consisting entirely of paste. It was shown to be nonlinear between these two points, depending on whether the material on the surface was more or less resistive than the underlying layer.
Furthermore, in practice a challenge might be assessing whether material heterogeneity exists. One approach of this study demonstrated was to compare the resistivities measured from a surface test and a uniaxial test. If the material is homogenous, these values will lie on a unity line. However, if there is heterogeneity, the values from the two tests will be different. This difference can give an indication as to whether the surface layer is more or less resistive.
The practical implication of this would be in the use of resistivity to assess the diffusion coefficient (e.g., Spragg, Bu, Snyder, Bentz, & Weiss, 2013a) , and testing the resistivity on a surface that was no longer homogenous, through drying or leaching of alkalis. By applying the geometry correction and ignoring the correction due to inhomogeneity, it is possible to overestimate/underestimate the quality of the concrete.
